The calcium-stimulated adenylyl cyclases (ACs) play a central role in stimulus-dependent modification of synaptic function. The type VIII AC (AC8) is one of three mammalian calciumstimulated isoforms, each of which is expressed in a regionspecific manner in the CNS. To delineate the DNA sequences responsible for appropriate targeting of AC8 expression, we report here the complete structure of the AC8 gene and define the pattern of expression of the full-length cDNA and its splice variants. In addition to expression within the brain, robust expression of AC8 was also found in the lung. By in situ hybridization, we have found the highest expression of AC8 mRNA within the olfactory bulb, thalamus, habenula, cerebral cortex, and hypothalamic supraoptic and paraventricular nuclei. By generating transgenic mice whose expression of ␤-galactosidase is controlled by the AC8 5Ј-flanking DNA sequences, we demonstrate that the DNA sequences within the 10 kb preceding exon 1 are critical for establishment of this region-specific pattern. This spectrum of sites of production is unique to AC8 among the calcium-stimulated adenylyl cyclases and suggests nonredundant functions with other adenylyl cyclases in neuroendocrine regulation and/or behavior.
The integration of cAM P and calcium /calmodulin signaling pathways has proven to be an important mechanism by which neuronal physiology can be modified in a stimulus-dependent manner, thus imparting plasticity in subsequent responses (Cooper et al., 1995; Xia et al., 1995) . C entral f unctional components of this adaptive pathway are the calcium-stimulated adenylyl cyclase (AC) isoforms. In Drosophila, the importance of calcium-stimulated adenylyl cyclase activity has been demonstrated in the rutabaga mutant, which exhibits a defect in associative learning (Levin et al., 1992; Davis et al., 1995) . In mammals, three calciumstimulated isoforms have been identified, designated types I, III, and V III (Cooper et al., 1995; Sunahara et al., 1996) . Analogous to the rutabaga mutant in Drosophila, a mouse mutant in the type I AC displays defective spatial learning and impaired hippocampal long-term potentiation (Wu et al., 1995) . This finding is consistent with the observation that type I AC mRNA expression, as detected by in situ hybridization, is abundant in the dentate gyrus of the hippocampus and cerebral cortex (Xia et al., 1991) . Highest expression of the type III AC is exhibited in the olfactory neuroepithelium (X ia et al., 1992) , whereas the type VIII AC is unique in being the only calcium /calmodulinstimulated isoform within the hypothalamus (C ali et al., 1994; Mons and Cooper, 1994) .
To date, the structure and regulatory regions for none of the mammalian AC genes have been reported. We have selected the type VIII AC (AC8) for analysis because of its probable role in regulation of neuroendocrine function. AC8 has been found to be brain-specific by relatively low-sensitivity Northern blot analysis (Cali et al., 1994) and degenerate PCR screening (Krupinski et al., 1992) . Additionally, AC8 has been localized to discrete sites within the CNS by in situ hybridization studies (Matsuoka et al., 1992 Cali et al., 1994) , although early reports may have been confounded by use of probes detecting the type I and/or type III ACs in addition to AC8 (Matsuoka et al., 1992) . One important area of AC8 expression is likely to be the hypothalamus (Matsuoka et al., 1992; Cali et al., 1994) , because hypothalamic membrane preparations display robust calcium-stimulated AC activity , and the hypothalamus does not express the type I or III ACs (Xia et al., 1992 (Xia et al., , 1993 Mons and Cooper, 1994) . Specific hypothalamic nuclei expressing AC8 were not defined in these studies.
To determine the DNA elements responsible for AC8 transcriptional regulation and the intron-exon structure, whose splice variants could provide additional diversity in AC8 protein structure and enzymatic properties, a detailed knowledge of AC8 gene structure is essential. Here, we report the organization of the murine AC8 gene and its overall pattern of expression. Using this information, we test the hypothesis that the 5Ј-flanking region of the AC8 gene is critical for targeting region-specific expression within the CNS of transgenic mice.
MATERIALS AND METHODS

Isolation of bacteriophage genomic clones encompassing the AC8 gene.
Random primer-labeled, PCR-generated fragments of the rat AC8 cDNA (C ali et al., 1994) were used to screen a murine 129Sv genomic DNA library in Lambda FixII (Stratagene, La Jolla, CA) immobilized on nitrocellulose filters, with hybridization in 5ϫ SSC (0.75 M NaC l and 0.075 M sodium citrate), 5ϫ Denhardt's solution (0.1% poly vinylpyrrolidone, 0.1% BSA, and 0.1% Ficoll, type 400), 0.5% SDS, and 200 g /ml salmon sperm DNA at 65°C. Final filter washes were in 0.1ϫ SSC and 0.1% SDS at 65°C. Restriction fragments of the mouse genomic clones were isolated after separation by agarose gel electrophoresis and ligated into pBluescript SK IIϩ (Stratagene) for f urther analysis. Sequencing was performed by the fluorescent dye termination method on a PerkinElmer-Applied Biosystems 373A DNA Sequencer (Foster C ity, CA), with chromatographic output analyzed with Sequencher 3.0 software (Gene Codes Corp., Ann Arbor, M I). Differences in sequence were scored manually. Homology comparisons used the Genetic Computer Group (Madison, W I) programs Blast, Bestfit, and Gap.
Long-range PCR . T ypical reactions were performed in 50 l of total volume containing 192 ng of mouse genomic DNA (Novagen, Madison W I), 1ϫ Accutaq L A buffer (Sigma, St. L ouis, MO), 500 M dN TPs, 24 pmol of each primer (usually 34-mers, ϳ50% GC, with an A or T at the 3Ј end), and 0.5 l of Accutaq DNA polymerase (Sigma). T ypical PCR amplification conditions were an initial denaturation at 94°C for 1 min, followed by 30 -35 cycles of (1) 95°C for 25 sec and (2) 68°C for 21 min.
Bacterial artificial chromosome librar y screening and anal ysis. DNA from a mouse genomic DNA ES cell bacterial artificial chromosome (BAC) library (Genome Systems, St. L ouis, MO) was screened and amplified as described by the manufacturer. To isolate clones transducing both exons 1 and 3, BAC DNA pools were first tested by PCR using exon 1 primers. All positives were then tested with exon 3 primers.
Transcription initiation site determination by rapid amplification of cDNA ends. An adult mouse brain Marathon-Ready cDNA library (C lontech, Palo Alto, CA) was used as template for 5Ј rapid amplification of cDNA ends (R ACE). Amplification of AC8-specific sequences used one pair of nested 24 and 25 base primers (200 -300 bp 3Ј to the mouse genomic DNA region homologous to the 5Ј terminus of the longest human AC8 cDNA) and a second set of nested primers (AP1, AP2) included in the 5Ј end adapter. PCR cycle parameters and reaction conditions were as specified by the manufacturer. Reactions products were visualized by electrophoresis through 1.4% agarose, excised from the gel, and purified for ligation into pBluescript SK IIϩ. Seven independent clones from two separate amplification reactions were sequenced.
Chromosomal localization by interspecific back cross anal ysis. T wentyfive nanograms of genomic DNA obtained from a (C57BL /6J ϫ SPRET/ Ei)F 1 ϫ SPRET/ Ei interspecific backcross panel (Rowe et al., 1994 ) was used to PCR amplif y and radiolabel a unique 743 bp fragment from exon 1 of the mouse AC8 gene. PCR amplification, radiolabeling, and singlestrand conformation polymorphism determination on polyacrylamideglycerol gels was performed as described previously (Bae et al., 1996) . Conformation polymorphisms were scored according to the characteristic electrophoretic mobility of C57BL /6J and SPRET/ Ei alleles, and the results were analyzed by The Jackson Laboratory Backcross DNA Panel Mapping Resource (The Jackson Laboratory, Bar Harbor, M E) (Copeland and Jenkins, 1991; Rowe et al., 1994) .
T issue-specific AC8 mR NA synthesis by reverse transcription-PCR . Reverse transcription (RT)-PCR analysis used 3 g of total RNA from several C NS sites and peripheral organs purified by the guanidine-phenol method (Chomczynski and Sacchi, 1987) . cDNA was synthesized from random hexamer-primed RNA by Moloney murine leukemia virus reverse transcriptase with conditions as described previously (Bae et al., 1996) . PCR amplification of cDNA exploited primers known to span two introns of the AC8 gene based on our sequence analysis (AD8-f2, 5Ј CACAC TTACC TGCAATACAGCG 3Ј from exon 1; AC8-rtr2, 5Ј GC TCGTCC TCCACATTGGTC 3Ј derived from rat cDNA sequence in exon 3) with 25 cycles of 30 sec at 94°C, 1 min at 58°C, and 2 min at 72°C. The expected 473 bp product was separated by electrophoresis on 1.2% agarose and visualized by ethidium staining, as well as hybridization to a radiolabeled probe from the same region.
To analyze the various sites of AC8 mRNA expression for alternatively spliced isoforms, 2 g of RNA from isolated brain regions, lung, and liver were reverse transcribed and then amplified for 25 cycles in three separate PCR reactions. T wenty-four-mer PCR primers were chosen to analyze all exons that could be alternatively spliced without changing the reading frame (exons 6, 8, 11, 14, 15, and 16) .
In situ hybridization anal ysis of AC8 gene e xpression within the CNS. Mice were deeply anesthetized with 1 ml of 2.5% Avertin (Hogan et al., 1994) and then transcardially perf used with diethylpyrocarbonatetreated (DEPC) PBS, followed by 4% DEPC paraformaldehyde. Isolated brains were post-fixed in 4% paraformaldehyde for 24 hr, followed by immersion in 10% sucrose in DEPC PBS. Tissues embedded in OC T (Sakura Finetek USA, Inc., Torrance, CA) were cut into 15 m sections on a cryostat and thaw-mounted onto Superfrost plus slides (Fisher Scientific, Pittsburgh, PA). A 909 base RNA probe complementary to exon 1 of the AC8 mRNA was radiolabeled with [␣- 33 P]UTP and T7 RNA polymerase and hybridized to sections at an annealing temperature of 55°C and most stringent post-hybridization wash in 0.1ϫ SSC at 60°C for 30 min (Simmons et al., 1989) . To localize the position of the supraoptic nucleus, some slides underwent hybridization to a [␣-33 P]UTP labeled rat oxytocin antisense RNA probe. Slides were exposed for 5-21 d to Hyperfilm ␤max (Amersham, Arlington Heights, IL) and emulsiondipped and developed after an additional 2-4 weeks for visualization of hybridizing areas.
Production of AC8 promoter-nuclear ␤-galactosidase transgenic mice. To generate an AC8 promoter-nuclear ␤-galactosidase f usion reporter gene, a 10 kb SalI-XhoI fragment of AC8 genomic bacteriophage clone 6 (Ϫ10 kb of the 5Ј-flanking region through ϳϩ480 bp of the untranslated leader sequence) was ligated to SalI digested pnLacF (Bonnerot et al., 1987) . The AC8 promoter-␤-galactosidase reporter was excised from vector sequences by digestion with SalI plus HindIII, purified, and then injected into mouse oocytes (Hogan et al., 1994) at the National Institute of Child Health and Human Development Transgenic Mouse Development Facility (contract # NO1-H D-5-3229) at the University of Alabama at Birmingham. Five transgenic founder lines of variable copy number were identified by Southern blot analysis of DNA prepared from tail biopsies, with subsequent genotype analysis by PCR.
␤-Galactosidase histochemistr y. For whole-mount staining, mice were deeply anesthetized with Avertin and transcardially perf used with 2% paraformaldehyde -0.5% glutaraldehyde in PBS. Brain was isolated, manually cut into 3-5 mm sections, and post-fixed 30 min in 4% paraformaldehyde. After two 30 min rinses, sections were stained with X-gal at 37°C for 16 -24 hr (Hogan et al., 1994) . After staining, brains were either cut into 200 m sections on a vibratome for bright-field light microscopy or embedded in plastic and cut into 5 m sections for dark-field analysis.
RESULTS
Characterization of the murine AC8 gene
To determine the organization of the mouse AC8 gene and localize the DNA sequences responsible for its expression, we screened a murine 129 Lambda FixII genomic library using nonoverlapping segments of the rat cDNA as probes. A total of 15 independent phage clones encompassing the entire cDNA were identified. For those adjacent exons transduced by separate phage that did not overlap, long-range PCR methods were used to determine the intron sizes (Barnes, 1994) . The longest intron measured by this method was 17 kb, between exons 7 and 8. Two introns were not amenable to long-range PCR: those located between exons 1 and 2 and between exons 2 and 3. To determine the sizes of these introns, we isolated a mouse BAC clone containing exons 1-5 in a 150 kb insert. Restriction map analysis of this BAC clone using infrequently cutting enzymes and hybridization to exon 1, 2, or 3 probes indicated 45 Ϯ 10 kb lies between exons 1 and 2, and 60 Ϯ 10 kb lies between exons 2 and 3. The AC8 gene extended over ϳ200 kb of DNA and was composed of 18 exons (Table 1 ; Fig. 1 A) . The only other AC gene whose structure has been reported is the Drosophila melanogaster rutabaga gene (Levin et al., 1992) . The rutabaga gene contains 16 exons with some intron-exon boundaries (L. R. Levin and R. R. Reed, personal communication) conserved in comparison with mouse AC8 in the C1a, second transmembrane span, and C2a coding regions. Three alternatively spliced AC8 mRNAs have been identified in the rat (Cali et al., 1996) . Based on our gene structure, these splice variants arise from deletion of exon 8 (type C) or exon 11 (type B) (Fig. 1 A) .
The mouse (GenBank accession number U85021) and rat (Cali et al., 1994) cDNAs are ϳ1 kb shorter than the near full-length human cDNA . Comparison of our mouse genomic sequences extending 5Ј to the reported 5Ј termini of the mouse and rat cDNAs with the human cDNA revealed extensive conservation of sequences through the entire 5Ј nontranslated region of the human cDNA (data not shown). To define the 5Ј terminus of the mouse cDNA, we performed 5Ј R ACE of adult mouse brain cDNA. Seven independent clones with three different 5Ј termini over a region of ϳ140 bp were found. This region mapped near the region homologous to the 5Ј terminus of the human cDNA . No "TATA" box was present in the putative promoter region, although a consensus cAMP response element was found (Fig. 1 B) .
Chromosomal localization of the murine AC8 gene
In an effort to find naturally occurring mouse mutations in the AC8 gene, we performed backcross analysis using the Jackson Laboratory BSS panel (Rowe et al., 1994) . The segregation patterns of the AC8 locus (Adc y8) and flanking genes or markers in 94 interspecific backcross mice typed for over 2400 loci were evaluated in this panel. An exon 1 PCR amplification product demonstrating single-strand conformational polymorphism between C57BL /6 and Mus Spretus when analyzed on polyacrylamide-glycerol gels was used to establish linkage to adjacent murine genes. Adc y8 localized to a 2 centimorgan (cM) region of chromosome 15, ϳ33.2 cM from the centromere (Fig. 2) , between the loci for the thyrotropin-releasing hormone receptor (Trhr) and focal adhesion kinase (Fadk).
Tissue distribution of AC8 expression
To sensitively determine the sites of AC8 mRNA expression, we performed RT-PCR analysis with gene-specific, intron-spanning primers on total RNA from several C NS sites and peripheral organs. AC8 mRNA was found throughout the brain, with robust amplification within the olfactory bulb, hypothalamus, hippocampus, brain stem, cerebellum, and cortex (Fig. 3) . Surprisingly, the anticipated amplification product was also demonstrated in adult lung and at lower levels in heart, testes, adrenal, and ovary. Minimal or absent expression was found in the pancreas, liver, kidney, spleen, and thymus. Thus, similar to type II AC (Feinstein et al., 1991) , expression of AC8 is not strictly brain-specific but most abundantly synthesized within the brain and lung.
To further characterize the spectrum of splice variants present in those tissues expressing the highest levels of AC8, we performed RT-PCR analysis using primers that amplified multiple exons simultaneously. In this way, we evaluated all exons capable of being deleted without altering the reading frame. Amplification of exons 5-9 (testing for deletion of exons 6 and/or 8) revealed two products in all tissues expressing AC8: one corresponding to the full-length cDNA (type A) and one corresponding to a cDNA arising from deletion of exon 8 (type C) (Fig. 4) . Similarly, amplification of exons 10 -12 demonstrated two products in all tissues expressing AC8: one corresponding to the full-length cDNA and one corresponding to a cDNA with deletion of exon 11 (type B) (Fig. 4) . Amplification of exons 13-18 (testing for deletion of exons 14, 15, or 16) revealed no evidence of alternative splicing of this region.
Localization of AC8 expression within the CNS
To characterize AC8 expression within hypothalamic nuclei, we performed in situ hybridization. Within the hypothalamus, AC8 mRNA is found within the supraoptic and paraventricular nuclei and more diffusely in the region of the arcuate nucleus (Fig. 5) . Outside the hypothalamus, we find relatively high-level expression of AC8 mRNA in the olfactory bulb, pontine nuclei, piriform cortex, and cerebral cortex (Fig. 5) . Additionally, we find robust expression in the habenula and diffusely throughout the thalamus. Positive, although less intense, hybridization was found in the hippocampus, with expression primarily in the CA1 region and in the cerebellum, limited to the granule layer. No positive hybridization was found in mice made deficient for AC8 by gene targeting using our in situ probe and hybridization conditions (M. S. Schaefer, S. T. Wong, D. S. Storm, and L. J. Muglia, unpublished observations). Despite detection of AC8 mRNA in the lung using several intron-spanning primer pairs (Figs. 3, 4) , we have not yet been able to visualize AC8 mRNA in the lung by in situ hybridization. This suggests a lower concentration of AC8 mRNA per expressing cell in lung than in brain.
Tissue-specific expression in transgenic mice
To test the hypothesis that the observed brain region-specific expression of the AC8 gene was determined by its 5Ј-flanking region and to develop a sensitive reporter system to facilitate in vivo assessment of physiological alterations in AC8 expression, we have generated AC8 promoter-␤-galactosidase transgenic mice. These mice harbor a fusion gene consisting of 10 kb of AC8 5Ј-flanking region, extending ϳ480 bp into the untranslated leader sequence, ligated to a nuclear ␤-galactosidase expression cassette (Fig. 6 A) . Five independent founders arose from oocyte pronuclear DNA injection, of which three proved capable of transmitting the chimeric reporter gene. All three founders that transmitted the transgene showed positive ␤-galactosidase histochemical staining within the CNS and absent staining in the liver and kidney. The highest level of nuclear ␤-galactosidase expression was demonstrated in offspring of founder 638 (Fig. 6 B-F) . Within the hypothalamus, expression of the transgene was readily detected in the supraoptic nucleus (Fig. 6 D-F) , paraventricular nucleus, and arcuate nucleus (Fig. 7) . In agreement with the in situ hybridization studies, intense staining was also found in the The first and last base pair of each exon are indicated, with base pair numbering according to the mouse AC8 cDNA sequence (GenBank accession number U85021). *E xon 1 spans 3 kb and begins at ϳ1 kb 5Ј to the terminus of the mouse AC8 cDNA. † Splice donor site conserved with the Drosophila rutabaga gene.
olfactory bulb, lateral septal nuclei, thalamus, and cerebral cortex, (Fig. 7) . Positive, but less intense, ␤-galactosidase activity was found in the CA1 region of the hippocampus, granule layer of the cerebellum, and habenula. The CA3 region of the hippocampus and a cell layer immediately dorsal to the corpus callosum demonstrated ␤-galactosidase activity but lacked significant AC8 mRNA by in situ hybridization. We have not yet determined definitively the site of AC8 promoter-driven ␤-galactosidase expression within the lung because of significant endogenous ␤-galactosidase activity in pulmonary cells and lower AC8 pro- moter activity compared with brain, as suggested by in situ hybridization.
DISCUSSION
We have found that the AC8 gene consists of 18 exons, which encompass ϳ200 kb of mouse genomic DNA on chromosome 15. The locus we defined is syntenic to human chromosome 8q24 , the known location of the human AC8 gene. There are no naturally occurring mouse mutations that map to this region that are suggestive of AC8 deficiency (Rowe et al., 1994) . This is the first mammalian adenylyl cyclase whose gene structure has been completely characterized. Analysis of the intron-exon arrangement in the mouse gene revealed conservation of some splice junctions throughout the coding region in comparison with the Drosophila rutabaga gene and further confirmed that exons 8 and 11 correspond to the regions deleted previously in splice variants C and B, respectively, in the rat (Cali et al., 1996) . Using RT-PCR analysis of isolated mouse brain regions and lung, i.e., those tissues found in our global survey to express AC8, we demonstrated the production of all three iso- Figure 4 . RT-PCR analysis of AC8 splice variants. Products were generated from the following sources of total RNA: hippocampus, HC; cerebral cortex, CTX; male and female hypothalamus, respectively, HT; brainstem, BS; cerebellum, CB; olfactory bulb, OB; lung, LU; and liver, LI as a negative control. Amplification used primers from the exons indicated on the left (e.g., primers for the first row cDNAs were from exons 5 and 9). The top band in each panel of ethidium-stained agarose gels represents the expected amplification product for the f ull-length cDNA. Alternatively spliced products are indicated with an arrow and the exon, which is deleted. Positive, but less intense, hybridization is observed in several other regions, including the cerebellum (cb). B, Coronal section through the orbital cortex and olfactory bulb. Hybridization was observed primarily in the periglomerular cells in the glomerular layer ( gl ), with less intense hybridization also found in the mitral layer. C, Coronal section through the anterior hypothalamus. Diffuse hybridization was found, with the highest levels of expression in the lateral septal nuclei (ls), piriform cortex ( pir), and cingulate cortex (cg). D, Coronal section through the hypothalamus, just caudal to section in C. In addition to the piriform cortex ( pir), prominent hybridization is observed in the habenula (hb) and throughout the thalamus (th). E, Coronal section through the hypothalamic paraventricular nucleus ( pvn). Diffuse thalamic hybridization is again observed, with additional hybridization found in the paraventricular nucleus and supraoptic nuclei (son). The CA1 region of the hippocampus hybridizes weakly. forms in ratios that did not significantly vary depending on location. Although no significant differences in the pattern of expression of each of the splice variants were apparent in different brain regions, we have not excluded differences in the ratios of the variants within certain nuclei.
The 5Ј end of the mouse AC8 mRNA, as determined by RACE, implicated a region ϳ2 kb upstream of the translation initiation site and 1 kb 5Ј of the rat AC8 cDNA (Cali et al., 1994) as the transcription initiation region. This very long untranslated leader is highly conserved in comparison with the human cDNA Figure 6 . Expression of ␤-galactosidase activity in AC8 promoter-nuclear ␤-galactosidase transgenic mice. A, Schematic representation of the transgene. Ten kilobases of the AC8 5Ј-flanking region extending up to the XhoI site ( X ) in the untranslated region of exon 1 (hatched box) is fused to the nuclear ␤-galactosidase coding region (n␤-gal ). Mouse protamine 1 (stippled box) sequences downstream of the ␤-galactosidase termination codon provide an intron and polyadenylation sequences. B, In situ hybridization using a radiolabeled AC8 probe reveals silver grain deposition in the piriform cortex after emulsion development. C, Histochemical demonstration of nuclear ␤-galactosidase activity in the piriform cortex of transgenic mice. The precipitate appears red on darkfield microscopy. D, In situ hybridization with a radiolabeled oxytocin probe demonstrates the position of the supraoptic nucleus. E, In situ hybridization of a radiolabeled AC8 probe to a section adjacent to that shown in Figure 7D reveals AC8 mRNA in the supraoptic nucleus. F, Nuclear ␤-galactosidase activity, as shown by the red nuclei under dark-field microscopy, is present in the supraoptic nucleus of transgenic mice. Figure 7 . Whole-mount histochemical analysis of AC8 promoter-nuclear ␤-galactosidase transgenic mice. ␤-Galactosidase activity after whole-mount X-gal staining appears as a blue-green precipitate. Endogenous ␤-galactosidase activity was limited to the choroid plexus, where staining was cytoplasmic rather than nuclear. A, Parasagittal section of transgenic brain. Robust expression is found in the olfactory bulb (ob), with less intense staining in the thalamus (th), cortex, and cerebellum (cb). B, Coronal section through the olfactory bulb. Nuclear staining is demonstrated in the periglomerular cells of the glomerular layer ( gl ) and in the mitral layer (ml ). C, Coronal section through the anterior hypothalamus. Piriform cortex ( pir), lateral septal nuclei (ls), and cells in defined layers of the cerebral cortex (including immediately adjacent to the corpus callosum) demonstrate transgene expression. D, Coronal section through the midhypothalamus. ␤-Galactosidase activity was found in anterodorsal, anteroventral, and anteromedial thalamic nuclei (th), the thalamic anterior paraventricular nucleus ( pva), and the hypothalamic paraventricular nucleus ( pvn), as well as the cerebral cortex. E, Coronal section through the posterior hypothalamus. X-gal staining is demonstrated in the arcuate nucleus of the hypothalamus (an), thalamic lateral geniculate nucleus (lgn), hippocampal CA3, and, to a lesser extent, CA1 regions. F, Parasagittal section through the cerebellum. Arrow demonstrates stained nuclei restricted to the granule layer. and suggests a role in posttranscriptional regulation or localization as an important component of AC8 expression. The promoter region is without a canonical TATA sequence but does contain a cAM P response element. This supports the recent finding that induction of AC8 expression in the locus coeruleus during chronic administration of morphine Lane-Ladd et al., 1997 ) is attentuated by injection of cAM P response element-binding protein antisense oligonucleotides (Lane-Ladd et al., 1997) .
To address most sensitively the localization and regulation of the AC8 gene as evidence for nonredundant f unction with the other AC isoforms, we used two complementary methods. First, high-stringency in situ hybridization localized expression of the endogenous AC8 mRNA. Second, the putative transcription regulatory region of the AC8 gene determined the pattern of expression of a nuclear ␤-galactosidase reporter gene. The pattern of expression of the AC8 promoter-nuclear ␤-galactosidase reporter gene was in quite close agreement with the pattern we demonstrated by in situ hybridization for the endogenous AC8 gene, further implicating the region identified by R ACE as the transcription initiation site. The most robust expression of the transgene was present in olfactory bulb and thalamus, with concordant expression compared with AC8 mRNA in most other sites, including the CA1 region of the hippocampus, granule layer of the cerebellum, cerebral cortex, piriform cortex, and the paraventricular, supraoptic, and arcuate hypothalamic nuclei. Despite high-level expression of AC8 mRNA in the habenula, relatively low ␤-galactosidase activity was observed at this site. Conversely, ␤-galactosidase activity was present adjacent to the corpus callosum and in the CA3 region of the hippocampus, which lacked detectable AC8 mRNA. This could reflect differences in localization of cytoplasmic AC8 mRNA versus a nuclear ␤-galactosidase protein. Alternatively, DNA regulatory sequences necessary for expression or repression in specific brain sites may not be contained within our transgene. The overall pattern of AC8 mRNA expression we find by in situ hybridization is primarily in agreement with previous reports (Matsuoka et al., 1992 Cali et al., 1994) . Our results differ from previous studies that suggested high-level expression of AC8 mRNA within the hippocampus (Matsuoka et al., 1992 C ali et al., 1994) and cerebellum (Matsuoka et al., 1992 . These studies used less stringent hybridization conditions to accommodate hybridization by oligonucleotide or cross-species templates and did not have the negative control of AC8-deficient mice to most rigorously assess specificity of hybridization. Because of the low abundance of AC8 overall, our transgenic reporter lines should facilitate studies evaluating neuropeptide colocalization with AC8 and transcriptional modulation in response to physiological and behavioral stimuli.
The distribution of AC8 compared with the other calciumstimulated adenylyl cyclases is unique with respect to its synthesis in thalamus, habenula, olfactory bulb, and the paraventricular and supraoptic hypothalamic nuclei. This hypothalamic distribution strongly suggests a role for AC8 in modulation of the stress response, lactation, or water metabolism. Moreover, the colocalization of AC8 and -opioid receptor in the habenula and thalamic nuclei (Bunzow et al., 1995) , along with the augmentation of AC8 transcription during chronic morphine administration Lane-Ladd et al., 1997) , suggests a central role for AC8 in opioid tolerance and withdrawal. Functional analyses of AC8-deficient, and combined AC1-and AC8-deficient mice, should reveal the unique and redundant roles of these calcium-stimulated isoforms in neuronal function and physiology.
